Calculation of the electrostatic potential energy surfaces of Escherichia coli catabolite gene activator protein (CAP) dimer suggests a model for the complex between CAP and a specific DNA sequence. The positive electrostatic charge density of CAP lies on the two COOH-terminal domaips and about 20-30 A from the molecular 2-fold axis. Assuming that the 2-fold axes of the CAP dimer and the DNA to which it binds are coincident, the positions of the positive electrostatic potential surfaces strongly suggest the rotational orientation of the DNA relative to the protein. A specific complex between CAP and its DNA binding site in the lac operon has been built with the DNA in this orientation. The amino ends of the two protruding F a-helices interact in successive major grooves of the DNA. Four side chains emanating from each F helix can form hydrogen bonds with the exposed edges of four bases in the major groove. Electrostatic considerations as well as the necessity to make interactions between CAP and a DNA site as much as 20 base pairs long require us to bend or kink the DNA. In our model of CAP complexed with B-DNA, as with those proposed for Cro and XcI repressors, the protruding second helices of the two-helix motif from both subunits interact in successive major grooves of B-DNA. However, unlike Cro and similar to XcI, the protruding a-helices are nearly parallel to the bases rather than the groove.
that abolish its ability to activate transcription (16) . Thus, it is likely that the two-helix motif is directly involved in DNA sequence recognition. A detailed model of cro interacting with its operator DNA has been presented (17) , and less detailed models for CAP (18) and XcI interaction (19) have been published. We conclude here that all three proteins interact with DNA in related, though not identical, ways.
McKay and Steitz (6) noted that the shape of the a-carbon backbone structure of CAP is complementary to the structure of a left-handed B-DNA, and they suggested that CAP might bind to left-handed B-DNA with one protruding a-helix from each subunit fitting into successive major grooves. They pointed out that if specific CAP binding converts two turns of DNA from right-to left-handed, the super helix density of closed circular DNA would be altered. Kolb and Buc (20) measured the change that occurs in the super helix density on binding CAP to specific sites in closed circular DNA and found very little change, which demonstrates that CAP binds to right-handed B-DNA.
Here we use the electrostatic complementarity between CAP and DNA to determine the orientation of B-DNA relative to the protein. The electrostatic charge distribution is calculated using the solvent accessibility modified TanfordKirkwood theory that was developed by Gurd and co-workers (21) . The method has previously been applied to. ribonucleases (22) and to a complex of flavodoxin and cytochrome c (23 (Fig. la) . It is similar, but not identical, on the two subunits due to the nonequivalent conformation of the subunits. The net negative electrostatic charge potential lies on the cAMP-binding NH2-terminal domains (18) . The positive electrostatic charge density is concentrated away from the molecular symmetry axis and is located more on the sides of the DNA binding domains rather than on the top, as viewed in Fig. la 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. left to relate the DNA and the protein-their relative rotational orientation and the distance between them. Only one relative orientation of DNA and protein strongly overlaps the negative electrostatic potential surface of the DNA with the positive electrostatic potential surfaces of the protein (18) (Fig. lb) , and we have used it in building the specific complex. This orientation also maximizes the interactions between the F a-helices and the major grooves of B-DNA.
A Specific CAP-DNA Complex. In the model for the complex between CAP and the specific DNA sequence to which it binds in the lac operon, hydrogen bonds are formed between side chains of the protein and the exposed edges of base pairs in the major groove and to the sugar-phosphate backbone. The electrostatic free energy calculated for the formation of this complex of CAP and straight DNA (28) of interacting mainly with the phosphates. Bending the DNA also allows additional interactions to the sugar phosphate backbone at the extreme ends of the site by lysine-201 and glutamine-170. Although some or all of the increased contact between CAP and DNA could result from a change in the CAP structure, the number of possible conformational changes is too large to be explored usefully by model building. In this model with bent DNA (Figs. 2-5) there are 14 hydrogen bonds that have been made between 8 protein side chains and the exposed edges of 8 bp in the major grooves (Fig. 5) . These are arginine-180, glutamate-181, arginine-185, and lysine-188 from the F a-helix of each subunit. The position of glutamate-181, which makes hydrogen bond interactions with two adjacent base pairs, may be stabilized by salt bridges to arginine-180 or lysine-188. Furthermore, 9 hydrogen bonds or salt links can be made to the phosphates of the DNA backbone. Since the DNA to which CAP binds may not have precisely the regular structure that has been assumed and the protein conformation could also change, there may be more interactions in the complex than we have described. CAP binds most tightly to the lac operon; 0.5, 1.5, and 2.4 kcal/mol less tightly to the Mal T, gal, and lac 2 operons; and 2.7 kcal/mol less tightly to the L8 mutant in the lac operon (32 (29, 30) and enzymatic (31) protection by CAP binding in the lac operon. These data suggest that CAP is interacting with 18-24 bp. Dots mark phosphates in which ethylation prevents CAP binding; circled Gs are protected from methylation when CAP binds; * indicates the lac L8 and L29 mutations that decrease CAP affinity. Boxed sequences are >75% conserved in eight sequenced CAP sites (18) , and the x indicates a T that can be crosslinked to CAP (29) .
DNA sequence to which it binds in the lac operon (Figs. 2-5 ). This complex maximally overlaps the positive electrostatic potential of CAP with the negative potential of DNA and is calculated to have an electrostatic contribution to its stability of approximately -11 kcal/mol. Various experimental data on the expected nature of the CAP-DNA complex appear to be in broad agreement with this model (Fig.  2) (Fig. 2) , except for two positions at the extreme end of the site.
(ii) Guanines in which methylation by dimethyl sulfate is prevented by CAP binding (29, 30) are hydrogen-bonded to arginine-180 and lysine-188.
(iii) The thymine that can be crosslinked to CAP by UV irradiation (29) is in contact with threonine-182 and is 8 A from the thiol of cysteine-178.
(iv) The G-C base pair that is changed to A-T in the lac L8 and L29 mutations (33) Comparison of the sequences of the numerous sites to which CAP binds specifically suggests that CAP shows preference for a sequence 5' A-A-N-T-G-T-G-A-N-N-T 3' on one side of the 2-fold axis in the site (18) (Fig. 2 ). In our model of the complex, specific interactions between protein side chains can only be made with the exposed edges of 4 bp, 5' G-T-G-A 3' (Figs. 4 and 5) . The apparent preference of CAP for the preceding A-A-N-T sequence may arise from CAP recognizing a sequence-dependent variation in the sugar-phosphate backbone structure. Bending the DNA in our model of a CAP complex increases both the favorable electrostatic free energy of interaction and the number of contacts between CAP and DNA. As pointed out earlier (18) , straight DNA can only interact with CAP over a 14-bp stretch. Experimental evidence suggesting bending has been obtained by Wu and Crothers (34) , who conclude from the anomalously low gel mobility of a CAP complex with a 203-bp lac operator fragment that CAP bends DNA by some unknown amount.
Since the two DNA binding domains of the CAP dimer are not related by a precise 2-fold axis in the crystal (6), the interactions between CAP and DNA are also not precisely 2-fold symmetric (Fig. 5 ). In our current model, some of the interactions made by the two subunits with sugar-phosphate backbone differ as shown by comparison of Fig. 5 a and b. Several observations suggest that the CAP structure in the CAP-DNA complex may be asymmetrical (35, 36) . However, we cannot exclude the possibility that the asymmetric structure of CAP in the crystal is a result of the crystal environment and not a property of the dimer in solution.
Comparison with Models of cro and XcI Complexes. There are several general conclusions that can be made about the mechanisms of DNA sequence recognition by regulatory proteins from the structures and proposed DNA complexes of X phage cro repressor (17) , cI repressor fragment (19) , and CAP. It appears that much of the specific sequence recognition is achieved by a two a-helix structural motif that is common to these three proteins (10, 11) and probably to many sequence-specific DNA binding proteins (12) (13) (14) . The second helix of the two-helix structure (i) protrudes from the surface of the protein, (ii) is separated by 34 A across a molecular diad axis from a dimer related mate, and (iii) is proposed to interact in the successive major grooves of B-DNA. Some of the specific DNA sequence recognition is achieved by hydrogen bonds formed between side chains from the protruding helix and the edges of base pairs exposed in the major groove. Furthermore, the same residue positions in the two-helix motif appear to be making the DNA interactions in all three cases (Fig. 6 ). Additional specific interactions, with both the bases and the backbone, are likely to be made by either the extreme NH2 or extreme COOH terminus of cro and XcI (17, 37) and may also occur with CAP (6).
There are, however, differences among the three known regulatory protein structures and their proposed complexes with DNA. Although each protein has the two-helix tertiary structure motif, the quaternary structure of these proteins differs in a manner that makes the tilt of the two dimer-related protruding helices (F in CAP and a3 in cro and Xci) rela- 
Comparison of the homologous amino acid sequences of CAP, cro, and XcI in the region of the CAP E and F helices. Residues proposed to interact with DNA in each case (17, 19) are shown by an asterisk. Amino acids are represented by the standard oneletter abbreviations.
tive to the line connecting their centers different, which affects the ways that it is possible to fit the protruding a-helices into the major groove. In the cro-DNA model the a3-helix axis is nearly parallel to the major groove, which is inclined at about 32°to the plane of the bases, whereas in both the XcI and CAP models with DNA the F helix is nearly parallel to the bases and therefore does not extend as far into the groove, so that fewer interactions are possible. It appears that, although the two-helix DNA binding motif has been conserved, the exact way in which it interacts with DNA has not.
A second difference between cro and CAP is the location of the positive electrostatic potential. The positive electrostatic charge potential of cro (38) lies entirely between the two a3-helices in cro, whereas it lies outside the F helices in CAP. This may suggest that the extent and manner in which CAP is bending or kinking the DNA is both greater and different from the effect of cro on DNA.
Although the overall orientation of DNA on CAP and many of the specific interactions have probably been correctly identified, the extent and nature of protein-induced changes in the DNA structure and vice versa cannot be guessed by model building.
